Several types of small RNAs have been proposed as gene expression repressors with great potential for use in gene therapy. RNA polymerase III (pol III) provides an ideal means of expressing small RNAs in cells because its normal products are small, highly structured RNAs that are found in a variety of subcellular compartments. We have designed cassettes that use human pol III promoters for the high-level expression of small RNAs in the cytoplasm, nucleoplasm, and nucleolus. The levels and subcellular destinations of the transcripts are compared for transcripts expressed using the U6 small nuclear RNA (snRNA), 5S ribosomal RNA (rRNA), and the 7SL RNA component of the signal recognition particle. The most effective location for a particular inhibitory RNA is not necessarily predictable; thus these cassettes allow testing of the same RNA insert in multiple subcellular locations. Several small interfering RNA (siRNA) inserts were tested for efficacy. An siRNA insert that reduces lamin expression when transcribed from the U6 snRNA promoter in the nucleus has no effect on lamin expression when transcribed from 5S rRNA and 7SL RNA-based cassettes and found in the nucleolus and cytoplasm. To test further the generality of U6-driven siRNA inhibitors, siRNAs targeting HIV were tested by co-transfection with provirus in cell culture. Although the degree of HIV-1 inhibition varied among inserts, results show that the U6 cassette provides a means of expressing an siRNA-like inhibitor of HIV gene expression.
INTRODUCTION
The many types of small RNAs with potential use as therapeutics include ribozymes, artificially selected highaffinity ligands (aptamers), antisense RNAs, and small interfering RNAs (siRNAs). The diversity in their mechanisms of action and the variety of targets with which they are capable of interacting suggest a wide range of possible applications, both as tools for research and for the development of new therapies for both metabolic and infectious diseases. The secondary and tertiary structures are important for the function of most of these RNAs. The correct cellular location of the RNA is also critical. The normal cellular products of RNA polymerase III (pol III) are small, highly structured RNAs that are abundant in cells; thus pol III is a logical agent for expressing small therapeutic RNAs in cells. Additionally, pol III products are constitutively expressed in most cell types, making them useful for a variety of applications.
Promoters for pol III are often found within the coding region of the gene, and in these cases, require the inclusion of extensive sequences from the gene encoding pol III in the RNA transcripts. In addition, endogenous sequences from the normal transcript can provide enhanced stability of the RNA and direct the RNA to particular subcellular locations. These localization elements are often composed of relatively small regions of RNA that are recognized by cellular proteins, that in turn have localization signals and provide the vehicles by which the bound RNAs are transported. The inclusion of these domains of the RNA in the product of an expression cassette allows any potentially therapeutic RNA to be 'carried' to various locales within the cell. Natural pol III products are found in the cytoplasm, nucleoplasm, and nucleolus, allowing all three different subcellular compartments to be targeted using pol III-based expression systems. This is especially useful because it is not always possible to predict the subcellular location in which a particular target will be most accessible. In addition to the U6 snRNA promoter, tRNA, RNase P RNA, and adenovirus VA RNA pol III promoters have been used successfully to express therapeutic RNAs in cells [1] [2] [3] . Although ribozymes have been studied extensively in vitro, they are frequently not effective in cells [4] . Among the reasons for this is that they might not be in the same subcellular location as their substrate. In cases in which localization has been determined, a correlation between effective RNA locations and expected target locations is observed [1, 5] . Nuclear expression of a Rev-binding element (RBE) from U6 and tRNA met promoters proved effective in inhibiting HIV-1 gene expression [6] . In contrast, Bertrand et al. [7] found that a cytoplasmic ribozyme was more efficient at destroying target HIV-1 mRNA. An interesting counterexample to cytoplasmic function by ribozymes was provided by nucleolar localization of an anti-HIV ribozyme through incorporation of U16 small nucleolar RNA targeting sequences [8] . The resulting effective inhibition of HIV-1 indicates that HIV RNA probably passes through the nucleolus at some point and is exposed for attack by the ribozyme. These results are consistent with subcellular location being an important component of intracellular RNA inhibitor efficacy. The success of an RNA designed to carry out a particular function within the cell depends on its ability to reach its target in addition to its capacity to recognize the target and do the intended task. Here we present a collection of pol III expression cassettes designed to test multiple intracellular locations. In particular, we test efficacy of an RNA interference inhibitor when expressed from these cassettes.
The use of long double-stranded RNAs to reduce the level of gene expression through RNA interference has been a useful tool in many organisms [9, 10] . The recent discovery that very small RNA duplexes (siRNA) cause interference in mammalian gene expression, while avoiding the interferon response (Tuschl), has opened the way for the use of synthetic RNA duplexes in mammalian experimental systems [42] . Expression of siRNA within cells from DNA constructs greatly expands the potential of siRNA as both an experimental and a therapeutic tool. Several reports have now appeared showing that effective siRNA-like RNAs can be expressed using RNA pol III promoter strategies [2, 3, [11] [12] [13] [14] [15] [16] . In several of these, promoter constructs were used that normally produce nuclear RNAs (U6 snRNA or ribonuclease P RNA). In this report we show that effective expression of siRNA-like inhibitors correlates well with delivery to the nucleoplasm, but not the cytoplasm or nucleolus. We go on to show that this nuclear strategy for siRNA delivery can be used to suppress gene expression from HIV-1.
RESULTS

Design of Cassettes
Cassettes for the expression of small RNAs from pol III promoters were adapted from the genes for the U6 snRNA, 5S rRNA, and the 7SL RNA from the signal recognition particle (1Figs. 1A-1C). The three promoters rely on different contributions of sequences upstream or within the RNA coding region. The human U6 snRNA gene promoter is entirely upstream of the transcription start site [17] [18] [19] [20] , whereas the 5S rRNA gene relies most heavily on sequences between ϩ40 and ϩ100 bp in the coding region for transcription with additional contributions from upstream sequences located ϳ 30 bp from the transcription start site [21, 22] . The 7SL gene promoter is intermediate, with substantial contributions from upstream sequences, but also essential contributions from A and B boxes and other internal sequences [23] [24] [25] [26] .
In addition to the promoters, sequences that may be important for subcellular localization or stability are included in the transcribed region of the cassettes. SalI and XbaI restriction sites are used in all the cassettes for insertion of sequences encoding the test RNAs. In each of the cassettes, an artificial stem-loop sequence followed by five uridines is present at the 3Ј end, after the insertion site. This is designed to terminate transcription, provide predictable 3Ј structure, and increase the stability of the RNA if no pol III terminator is present in the insert. Endogenous U6, 5S, or 7SL RNA sequences are included in each cassette, as well as the 3Ј stem-loop, to help drive the RNA transcript to fold into discrete subdomains that should not interfere with the structure of the insert. Cassettes based on the human U6 gene, U6ϩ1 and U6ϩ27, have been used to express ribozymes, antisense, and aptamers designed to inhibit viral infection [6 -8] and to express siRNA-like RNAs that inhibit endogenous and viral targets in human cells [11, 12] .
The U6 cassettes include 265 bp upstream of the transcription start site, a region containing the entire human U6 promoter [17] [18] [19] [20] (Fig. 1A) . The 27 nt from the 5Ј end of the U6 RNA are included in the products of the U6 ϩ 27 cassette, providing for enhanced stability of the RNA and directing transcript capping [6] . These bases are followed by the restriction enzyme sites for the cloning of inserts and then by the 3Ј stem and termination signal. Transcription of the U6 ϩ 1 cassette begins with the SalI site and therefore lacks the sequences required for capping and stability. However, all transcripts from the U6 promoter have been shown to have similar nuclear localization [6] .
The cassette based on the 7SL RNA from the signal recognition particle contains 165 bases of the upstream region and the Alu domain of the 7SL RNA. This domain is made up of noncontiguous sequences from the 5Ј and 3Ј ends of the 7SL RNA that interact with each other through base pairing, forming a distinct structure in the native molecule (Fig. 1B) . This is expected to be sufficient to cause association of the p9 and p14 proteins [28, 29] , transient nucleolar residence [30, 31] , and transport to the cytoplasm [32] . The SalI and XbaI sites are placed between the discontinuous Alu domain regions so that the insert RNA replaces the deleted central 'S' domain of the 7SL RNA, the region of the RNA responsible for stalling of the translating ribosome. In the constructs containing siRNA inserts, a U 4 termination signal is included in the insert resulting in transcripts predicted to lack the 3Ј half of the Alu domain. However, transport to the cytoplasm is expected because the 5Ј half of the Alu domain is sufficient to bind the p9/14 protein heterodimer [33] , which is thought to be responsible for transport to the cytoplasm [32] .
The 5S cassette includes 85 bases upstream of the 5S gene transcription start site and the region encoding the entire 5S rRNA (Fig. 1C) . The SalI and XbaI sites for cloning of inserts are at the end of the 5S rRNA coding sequence where the endogenous 5S terminator normally resides. The same 3Ј stem terminator that is used for the other cassettes is present immediately following the insertion site. Having the entire 5S sequence, transcripts are expected to undergo normal nucleolar assembly and transport to the cytoplasm. The 3Ј ends of the transcripts are likely to be exposed to solution, even when the 5S rRNA becomes part of the ribosome [27] .
Sequences that have been inserted between the SalI and XbaI sites in the expression cassettes include a hairpin ribozyme, a decoy RNA, and siRNA-like stem-loops (Fig. 2) . The hairpin ribozyme insert targets the U5 region of the HIV large transcript [6,34 -36] . The RBE insert was designed to serve as a potential decoy to bind Rev protein in infected cells [37] , thus competing with the virus for available protein. The siRNA-like inserts target endogenous lamin A/C message [11] or the polymerase coding region of HIV-1 RNA. These inserts are made up of a 19 -bp stem in which the two paired regions are connected by a tetraloop [11] . A pol III transcription termination signal of four or five uridines is located at the 3Ј end of the siRNA inserts, before the stem terminator at the 3Ј end of the cassette. The 'antisense only' control insert for the antilamin construct contains the antisense lamin target sequence alone; thus it does not form the strong stem.
Subcellular Localization of RNA from pol III Cassettes Is Dependent on the Expression Cassette
We have shown elsewhere that transcription of the U6 ϩ 27 cassette with several inserts, including the lamin siRNA-like insert and the hairpin ribozyme insert, results in the accumulation of the RNA expressed from this cassette in the nucleus [6, 11] . Transcription from the U6 ϩ 27 cassette results in the accumulation of the RNA in nucleoplasmic speckles, similar in distribution to endogenous U6 snRNA (Fig. 3 ). U6 ϩ 1 transcripts lacking any endogenous RNA sequences and pol III transcripts from tRNA genes, but without tRNA structure, are also nucleoplasmic [6] . This has led to the conclusion that pol III transcripts remain in the nucleus by default unless given specific localization signals.
In contrast, RNA transcribed from the 5S and 7SL cassettes accumulates primarily in the cytoplasm, with additional nuclear staining that often corresponds to nucleoli, as defined by DAPI staining (Fig. 3 ). For both 5S and 7SL transcripts, the RNA is expected to traffic through the nucleolus before exit to the cytoplasm [30, 31] . Probes to the endogenous 5S and 7SL sequences suggest that more 5S than 7SL RNA is nucleolar under steady-state conditions, but the artificial constructs from both cassettes give bright nucleolar signals in addition to strong cytoplasmic localization. Thus, the 5S and 7SL cassettes can be used when the target is available in the nucleolus or cytoplasm.
Expression of RNA from pol III Cassettes in Human Cells
RNA expressed from the pol III cassettes accumulates to high levels in human cells. RNA of the expected sizes for full-length transcripts accumulated in cells transfected with the U6 ϩ 27, 5S, and 7SL cassettes containing a hairpin ribozyme insert (Fig. 4A ) or the RBE insert (Fig.  4B ). These results are consistent with earlier observations for antisense, decoy, and ribozyme inserts in cassettes driven by tRNA and U6 pol III promoters [6] . It was earlier shown [6] that transcription began at the expected sites and gave transcripts of the expected full length, but with some exonuclease trimming of one to four uridine residues from the 3Ј end of the cassette-encoded stem terminator. Transcripts expressed from the U6 ϩ 27 cassette have a ␥-monomethyl phosphate cap [6] . RNA from all cassettes was generally present at 10 4 Ϫ 10 6 copies per cell when normalized to the level of endogenous U6 RNA [38] , although there was variability between transfections. Transcripts expressed from the 7SL promoter generally accumulate to at least as high a concentration as those from the strong U6 promoter and resulted in even greater levels of expression in some experiments. In contrast, the 5S promoter results in a lower level of transcript accumulation in cells than the U6 promoter.
In addition to the strong transcription terminator provided by the cassette-encoded stem-loop and five uridine residues at the 3Ј end of all cassettes, cassettes that contain anti-lamin siRNA-like inserts have four uridine residues immediately after the insert (Fig. 2) . The 'antisense only' U6 ϩ 27 control construct contains only the antisense strand from the siRNA construct, along with the loop and U 4 terminator sequences. Transcription of this construct in HeLa cells sometimes terminates at the first U 4 sequence after the insert (25%), but a substantial amount reads through to the cassette-encoded stem terminator (75%) (Fig. 4C ). This termination inefficiency was unexpected, given that U 4 is normally sufficient to terminate vertebrate pol III transcripts [39] , but serves to warn that at least five uridine residues should be used to terminate transcripts in this system definitively. Both termination sites result in products that are one to four nucleotides shorter than predicted from the sequence. The exact number of uridine residues remaining on the 3Ј end is variable, presumably as a result of heterogeneous post-transcriptional trimming by endo-and exonclease activities, as is commonly seen in pol III products.
An unusual pattern was observed when constructs con-ARTICLE doi:10.1016/S1525-0016(02)00038-2 taining the 19-bp stem-loop of the anti-lamin siRNA-like RNA (forward or reverse orientation) were expressed in HeLa cells (Fig. 4C ). Small amounts of transcripts are the appropriate length for termination of transcription to have occurred at the fourth uridine in the U 4 terminator immediately following the siRNA insert, but most of the transcripts are found in four or five shorter bands, each one to three nucleotides shorter than the preceding band. The sizes of these transcripts indicate that the first strand, the loop, and part of the second strand of the siRNA duplex are present, but that the 3Ј end of the second strand is truncated. This pattern was not observed with any other types of RNA inserts. The shortened RNAs might be the work of nucleases after transcription, but might also result from pol III itself chewing back from the terminator in one-to three-nucleotide bites. pol III, like other RNA polymerases, is known to have this propensity at strong pause sites [40] . It is possible that the especially strong 19-bp siRNA stems act as strong transcription pause sites to encourage this trimming. Whatever mechanism creates these products appears to require the U 4 terminator after the strong stem, in that removing two of the uridines causes readthrough to the cassette stem terminator (data not shown), eliminating the strong ladder of bands. Characterization of events leading to the shorter products is in progress.
Effectiveness of the Therapeutic Insert Is Dependent on the Cassette from Which It Is Expressed
Of the previous RNA inserts that were tested for inhibiting targets [6, 11, 41] , the ones that worked well were expressed from U6 cassettes, resulting in nuclear localization. An anti-lamin siRNA-like insert strongly reduces lamin A/C levels in HeLa cells when expressed from the U6 ϩ 27 or U6 ϩ 1 cassettes [11] . The 19-base lamin sense and antisense sequences that make up the duplex in this insert target the region of the lamin mRNA already shown by Tuschl and co-workers [42] to be sensitive to synthetic siRNA. The synthetic siRNA reduced lamin levels in the cell when transfected into cells using lipid-based reagents. 'Hairpin siRNA' inhibition of lamin A/C levels appeared to use an siRNA-like mechanism, because neither the sense nor the antisense strands alone suppressed lamin levels [11] . The effectiveness of the nuclear siRNA expression was intriguing, in that there were suggestions that RNA interference might operate in the cytoplasm [9] . It was theoretically possible that small amounts of siRNA expressed from the U6 promoter were leaking into the cytoplasm, and that localizing larger amounts of siRNA in the cytoplasm would be even more effective. We therefore
FIG. 2.
Cassette inserts used in this study include a ribozyme, Rev-binding element (RBE) decoy, and hairpin siRNAs with controls. Sequences and expected secondary structures of the inserts are shown.
ARTICLE doi:10.1016/S1525-0016(02)00038-2 extended our earlier experiment by comparing the effects of U6-driven anti-lamin siRNA to that of the same insert expressed from either the 5S or the 7SL cassette (Fig. 5) . 5S-and 7SL-driven expression of the insert did not reduce lamin A/C levels. Thus, the promoter cassette and resulting subcellular location of the product RNA are important considerations in designing effective strategies for the expression of therapeutic RNAs.
Use of the U6 Promoter Cassette to Interfere with HIV Gene Expression
Intracellular expression of effective siRNA is useful in experimentally ablating cellular gene products, but might also prove extremely useful as gene therapy against viral infection. As a preliminary test of this, we next asked whether an siRNA-like insert expressed from the same cassette (U6 ϩ 27) could interfere with gene expression from co-transfected HIV-1 provirus. The siRNA-like RNAs, designed to target sequences within the HIV-1 pol sequence (Fig. 2) , were expressed from the U6 ϩ 27 cassette and tested for the ability to interfere with gene expression from the long HIV transcript. Two examples (positions 2315 and 2568 in the HIV NL4-3 sequence, GenBank accession no. AF070521) were compared to control cassettes containing no inserts (Fig. 6 ). Construct 2315 consistently inhibited HIV gene expression and, whereas there was significant variability between experiments, immunoassay for p24 showed that viral gene expression was decreased by up to 90%. In contrast, the second insert targeted to a different sequence in the same region, position 2568, did not consistently reduce p24 levels by Ͼ50%. Thus, different target sequences for siRNA-like inhibition are not equally effective, just as synthetic siRNA sequences vary substantially in their effects against the same target [42, 43] . At this time, the rules for effective target selection are not understood for siRNAs expressed from pol III promoters. It is therefore best to try several sequences against any gene of interest when expressing these RNAs within the cell.
FIG. 3.
The subcellular distribution of the transcripts depends on the cassette from which they are expressed. Transcripts were detected in human 293 cells by in situ hybridization of Cy3-tagged oligonucleotides that hybridize to the hairpin ribozyme insert (red). The location of nuclei is indicated by DAPI staining (blue). (A) Nuclear localization is observed when the RNA is expressed from the U6 promoter, as previously demonstrated [6, 11] . Transcripts expressed from the 5S promoter are found in the cytoplasm and in spots within the nucleus that correspond to the nucleoli as suggested by DAPI staining. Transcripts expressed from the 7SL promoter are found in the cytoplasm and in spots in the nucleus that overlap with the nucleoli. (B) Endogenous U6, 5S, and 7SL RNAs were detected with Cy3-labeled probes in untransfected cells. The distribution of the hairpin ribozyme transcripts is similar to the pattern observed for the corresponding endogenous RNAs.
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DISCUSSION
The development of the 5S and 7SL promoter cassettes for the expression of small RNAs in human cells provides a mechanism for delivering small RNA products to both the nucleolus and cytoplasm. Together with the earlier described cassettes based on the U6 snRNA promoter [6] that result in nucleoplasmic localization of their products, this set of cassettes provides for delivery of small RNAs to a variety of cellular compartments. The ability to reach different subcellular locations could be important for delivery of diverse small RNAs, depending on the intended targets. For example, a ribozyme targeting HIV-1 mRNA was effective when localized in the cytoplasm, but not when localized to the nucleoplasm [7] . The location in which a particular target will be most accessible is not necessarily predictable in advance. The lamin mRNA target of siRNA is expected to be found primarily in the cytoplasm, but only nuclear delivery of an siRNA-like insert caused a decrease in the lamin signal in transfected cells. Although the presence of small amounts of the products from the U6 ϩ 27 cassette in the cytoplasm cannot be excluded, the vast majority of the hairpin siRNA is in the nucleoplasm [11] (Fig. 3A) . The same insert did not reduce lamin levels when expressed from the 5S or 7SL cassettes. Although this cytoplasmic delivery of siRNA from the 5S and 7SL cassettes might not work for reasons other than location, the combined results strongly suggest that a nuclear function is required. The lamin messages (or pre-mRNA) might be more accessible for attack while in the nucleus. Alternatively, nuclear processing of the siRNA or interaction of the siRNA-containing protein complex with nuclear proteins might be necessary. The availability of a set of cassettes that provide for different subcellular distributions of a particular RNA insert allows simultaneous testing of an insert in the different cellular compartments. It should be noted that another group [44] recently demonstrated that transfection with exogenous, pre-made RNA triggers substantial turnover in the cytoplasm, as well as reducing nuclear levels. This result suggests that exogenous siRNA application might use different pathways from that used most efficiently by siRNA expressed from within the nucleus.
We and several other groups have recently shown that small RNAs expressed in cells by pol III can be as effective in reducing gene expression as chemically synthesized RNA that is transfected into cells using lipid-based reagents [2, 3, [11] [12] [13] [14] [15] [16] . A variety of designs proved successful. Investigators used the promoter for U6 snRNA, and so are presumably also expressing RNAs primarily in the nucleus. Two reports used the promoter for the RNA subunit of human RNase P [2, 3] . This is also a promoter used by pol III, and the normal transcripts, like those from the U6 promoter, are thought to remain in the nucleus [45] . The sense and antisense strands can be expressed independently or as a stem-loop connected by a linker. In our hands, siRNA-like RNA expressed from the U6 ϩ 27 cassette was effective in reducing lamin A/C levels in cells to amounts similar to what is attained using chemically synthesized siRNA [11] . Here we report that in addition to providing a means of expressing siRNA-like RNAs against an endogenous target, the U6 ϩ 27 cassette provides a mechanism for expressing siRNA hairpin inserts against a viral target that is introduced into the cell on another plasmid along with the siRNA-like construct.
RNA from U6 ϩ 27 cassettes with inserts that do not form a long stem-loop (hairpin ribozyme and RBE) show no evidence of intermediate processing events, and no processing of siRNA hairpins was detected. The U6 ϩ 27 cassette differs from other published constructs in that the sequences of the pol III transcript include leader sequences in addition to the siRNA that provide added stability. The 5Ј 27 nt of the U6-coding sequence are required for modification of the RNA by the addition of a 5Ј ␥-monomethyl phosphate cap structure and provide protection against attack by exonucleases [6] . Although it is possible that a small amount of nicking is occuring, and that this produces a minor active form, the absence of processing suggests that a free 5Ј end is not required for interference with gene expression by these RNAs.
The finding that siRNA expression is effective when expressed in the nucleus, rather than in the cytoplasm as expected, underscores the need to test multiple expression pathways when testing the function of small RNAs inside cells. The U6, 5S, and 7SL expression cassettes described here provide both nucleoplasmic and cytoplasmic delivery capacity. When combined with the earlier described nucleolar delivery using similar cassettes [8] , these strategies allow testing of a broad spectrum of subcellular destinations.
MATERIALS AND METHODS
Plasmid construction and purification. The U6 ϩ 27 and U6 ϩ 1 constructs have been described [6] .
The human 5S cassette was created by PCR amplifying the 85 nt upstream of the transcription start site through the entire 5S rRNA sequence using the ph5S 8544 plasmid (gift of Beth Moorfield) as template [46] . The oligonucleotides for this PCR were designed with a BamHI site on the upstream side and a SalI site downstream of the 5S rRNA sequence. The fragment was cut and subsequently ligated into pAVU6 ϩ 27 [6] , which was treated with the same restriction endonucleases as the PCR product.
The 7SL cassette was made by PCR, amplifying and subcloning two distinct regions of the p7L30.1 plasmid [47] (gift of Christian Zwieb). The first fragment amplified contained 7SL RNA sequence from nt 258 to 298 of the transcript. The PCR oligonucleotides for the first amplification were designed with an XbaI restriction endonuclease site on the upstream side of the fragment and a NheI site on the downstream side. This fragment was ligated into the XbaI site of the pTZU6 ϩ 1 vector [6] . This intermediate vector was cut with BamHI and SalI and used to clone the second PCR product, which contained sequence from 165 nt upstream of the 7SL transcription start site to nt 97 of the 7SL RNA. Oligonucleotides used in this second PCR were engineered with a BamHI site upstream of the 7SL promoter and a SalI site downstream of nt 97 of the 7SL RNA. The resulting expression cassette was later subcloned into pCWRSVN [48] in the same manner as the U6 ϩ 27 cassette [6] .
Inserts were made by annealing oligos of the desired sequence. SalI and XbaI sites were present near the 5Ј and 3Ј ends of the annealed oligos, respectively. The annealed oligos and the plasmids carrying the cassettes were cleaved by these enzymes and then ligated. All constructs were sequenced.
Plasmids were amplified in DH5␣F'int or SURE2 (Stratagene, La Jolla, CA) cells and purified using Qiagen kits (Valencia, CA), and then were extracted with phenol or phenol-chloroform-isoamyl alcohol (25:24:1) and ethanol precipitated.
FIG. 6.
Reduction in HIV-1 gene expression by siRNA hairpins expressed from the U6 promoter. HIV-1 mRNA was targeted using siRNA-like RNAs expressed from the U6ϩ27 cassette. HIV-1 gene expression following co-transfection of cells with provirus was measured using an immunoassay for HIV p24. The siRNA inserts are directed against positions 2315 and 2568 in the HIV-1 sequence. Their ability to interfere with HIV-1 gene expression is compared to that of a control U6ϩ27 cassette with no insert.
Introduction of pol III expression cassettes into human cells for localization and transcription studies. HeLa and 293 cells were grown in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% FBS (HyClone, Logan, UT), 100 units/ml penicillin, 100 g/ml streptomycin, and 4 mM L-glutamine. Cells were maintained at 37°C in 5% carbon dioxide by splitting twice each week.
HeLa cells were transfected with plasmids containing expression cassettes using Lipofectin with Plus reagent or Lipofectamine 2000 (Invitrogen, Carlsbad, CA) following the manufacturer's instructions [49] . When transfecting using Lipofectin, cells were plated one day in advance in medium lacking antibiotics so that they would be ϳ 50% confluent at the time of transfection. For 60-mm plates, 2.8 -3.3 l Lipofectin and 20 l Plus reagent were used. Plasmids were transfected into cells at a 3:1 ratio of experimental plasmid to pCMV␤ (Clontech, Palo Alto, CA) so that a total of 4.4 g DNA was added to each plate. The amounts of Lipofectin and DNA were adjusted in proportion to the surface area when the size of the plates was varied. One day after transfection, cells were trypsinized, resuspended in DMEM with 10% FBS and L-glutamine, but without antibiotics, and split. Cells to be used for microscopy were plated onto coverslips. Transfection efficiency was determined by cytochemical assay for ␤-galactosidase expression 3 days after transfection [50] .
When transfecting using Lipofectamine 2000, cells were plated one day in advance in six-well dishes so that they would be 90 -95% confluent on the day of transfection. A total of 3.8 g of DNA was used per well, in a 3:1 molar ratio of experimental plasmid to pCMV␤. Following transfection, cells were treated in the same way as described for Lipofectin transfection.
293 cells were transfected using calcium phosphate as described in Good et al. [6] . Cells were plated at 5-10% confluency in 100-mm plates containing coverslips 1-2 hours before transfection. A total of 10 g DNA was added to each 100-mm plate in a 3:1 molar ratio of experimental plasmid to pCMV␤. The medium was not changed after transfection when the cells were plated onto coverslips. Transfection efficiency was assayed 2 days after transfection as described for HeLa cells.
Localization of transcripts by in situ hybridization. Cells were fixed on coverslips directly in growth medium by adding fixative to bring the concentration to 4% paraformaldehyde (EMS Sciences, Ft. Washington, PA) and 10% acetic acid 2 days after transfection. After fixation, cells were permeabilized by submersion in 70% ethanol and storage at 4°C. The cassette transcripts were localized using oligos tagged with Cy3 (Operon, Alameda, CA) that recognized the hairpin ribozyme insert sequence (5Ј-Cy3-GCCAGGTAATATAC-CACAACGTGTGTTTCTCTGGTTGCCTTCTTG-3Ј). Probes for the endogenous RNA controls were also labeled with Cy3 (U6: 5Ј-Cy3-CACGA-ATTTGCGTGTCATCCTTGCGCAGGGGCC-3Ј, 5S: 5Ј-Cy3-CTTAGCTTC-CGAGATCAGACGAGATCGGGCGCG-3Ј, 7SL: 5Ј-Cy3-CCGGGAGGTCAC-CATATTGATGCCGAACTTAGTGCG-3Ј) (Operon, Alameda, CA and the University of Michigan Biomedical Research Core Facilities). Hybridization to oligonucleotide probes was in 10% dextran sulfate, 2 mM vanadyl ribonucleoside complex, 0.02% BSA, 40 g yeast tRNA, 2 ϫ SSC, 50% formamide, and 30 ng of probe (http://singerlab.aecom.yu.edu/protocols). After hybridization overnight at 37°C, coverslips were washed twice at 37°C for 30 minutes each time in 2ϫ SSC, 50% formamide and once in PBS (58 mM Na 2 HPO 4 , 17 mM NaH 2 PO 4 , 68 mM NaCl, pH 7.4) for 15 minutes. Cells were stained with 4Ј,6-diamidino 2-phenlindole (DAPI) at 2 ng/l in PBS for 5 minutes and washed with PBS three times for 5 minutes each time. Coverslips were affixed to slides in Prolong mounting medium (Molecular Probes, Eugene, OR). Slides were viewed and photographed with a Nikon (Melville, NY) Eclipse E800 microscope and a Hamamatsu (Bridgewater, NJ) Orca II digital camera. Images were subjected to deconvolution using Isee Analytical Imaging Software (Inovision Corporation, Raleigh, NC).
Detection of transcripts by northern blotting. RNA was isolated from transfected 293 cells using Trizol reagent (Invitrogen, Carlsbad, CA) 2 days after transfection (Figs. 4A and 4B ). HeLa cells were transfected as described with experimental plasmids and pEGFP (Clontech, Palo, Alto, CA) in an equimolar ratio. The media was replaced 24 hours after transfection. HeLa cells were subjected to cell sorting by the University of Michigan Flow Cytometry Core using a BD FACS Vantage SE (BD Biosciences, San Jose, CA) 2 days after transfection. RNA was isolated from sorted HeLa cells using Trizol reagent according to the manufacturer's instructions (Fig. 4C) .
RNA samples and size markers were separated on 6% (Figs. 4A and 4B) or 8% (Fig. 4C) polyacrylamide gels containing 8.3 M urea. The RNA was then blotted to Nytran (Schleicher and Schull, Keene, NH) using the Genie electroblotter (Idea Scientific, Minneapolis, MN) under conditions specified by the manufacturer. The RNA was crosslinked to the Nytran membrane using UV light by placing each side on a transilluminator (Fotodyne Model 3-3000, Hartland, WI) for 2 minutes. Oligodeoxynucleotide probes (Invitrogen, Carlsbad, CA) that recognize insert RNA were labeled using polynucleotide kinase (New England Biolabs, Beverly, MA) and ␥-[ 32 P]ATP (NEN Life Science Products, Boston, MA). Separate probes were prepared that hybridize to the hairpin ribozyme's catalytic domain (5Ј-GCCAGGTAATATACCACAACGTGT-GTTTCTCTGGTTGCCTTCTTG-3Ј), the RBE insert (5Ј-AGATACAGAG-TCCACAAACGTGTTTCTCAATGCACCC-3Ј), the U6 ϩ 27 cassette (5Ј-GTC-GACTAGTATATGTGCTGCCGAAGCAGCAC-3Ј), and endogenous human U6 snRNA (5Ј-CACGAATTTGCGTGTCATCCTTGCGCAGGGGCC-3Ј). The U6 ϩ 27 and endogenous U6 probes are specific, because the probe for the endogenous U6 snRNA does not hybridize to the U6 sequences included in the U6 ϩ 27 cassette, and the U6 ϩ 27 probe does not recognize endogenous U6 snRNA under the hybridization and wash conditions used. RNA blots underwent a 1-hour prehybridization in 6 ϫ SSPE buffer (20ϫ ϭ 3 M NaCl, 200 mM NaH 2 PO 4 ⅐H 2 O, 20 mM EDTA, pH 7.4), 200 g/ml salmon testis DNA (Sigma, St. Louis, MO), 1% SDS, 5ϫ Denhardt's reagent (USB, Cleveland, OH). Hybridization was conducted by adding labeled oligo probes in 6ϫ SSPE, 1% SDS. The U6 ϩ 27 probe was hybridized to the membrane for 2 hours at 70°C, and then 3 hours at 65°C. All other probes were allowed to hybridize overnight at 68°C. Blots were washed three times with 250 ml of wash buffer (6ϫ SSPE, 1% SDS) for 30 minutes at room temperature, and then one 250-ml wash for 3 minutes at 65°C for the U6 ϩ 27 probe and 68°C for all other probes. A final 250-ml wash in 6ϫ SSPE was done at room temperature for 30 minutes. The membrane was then exposed to a storage phosphor screen that was subsequently scanned on the Molecular Dynamics PhosphorImager 445 SI (Piscataway, NJ). Image analysis, for quantification of hybridization signals, was carried out using IP Lab Gel Software (Signal Analytic Corporation, Vienna, VA). Expressed RNA copy number was estimated relative to endogenous U6 snRNA in each sample (400,000 copies/cell) [38] , normalizing for approximate transfection efficiency measured by cytochemical detection of ␤-galactosidase expression in parallel co-transfections with pCMV␤.
Immunolocalization of lamin A/C. Cells were fixed in methanol for 6 minutes at Ϫ20°C 3 days after transfection. Transfected cells were identified by the detection of ␤-galactosidase (expressed from pCMV␤ that was co-transfected with the plasmid expressing the anti-lamin A/C plasmid) using anti-␤-galactosidase polyclonal antibodies at 1.0 g/ml (A-11132; Molecular Probes, Eugene, OR) and Oregon Green 488-labeled goat antirabbit antibodies at 5 g/ml (O-11038; Molecular Probes, Eugene, OR). Monoclonal antibodies against lamin A/C were from Santa Cruz Biotechnology (lamin A/C (636):sc-7292; Santa Cruz, CA) and were used at 1 g/ml. The Cy3-labeled goat anti-mouse secondary antibodies used to detect lamin A/C were from Amersham Pharmacia Biotech (PA 43002; Piscataway, NJ) and were used at 1 g/ml. Primary and secondary antibodies were diluted in PBS containing 3% BSA and were incubated with the coverslips for 1-2 hours at 37°C. Cells were stained with DAPI and coverslips were mounted, viewed, and photographed as described for the localization of transcripts.
Immunoassay for HIV gene expression. A modified calcium phosphate co-transfection method [51] was used to transfect 293 cells (NIH) for the HIV inhibition assay. Cells were plated in six-well polystyrene tissue culture plates (5 ϫ 10 5 cells/well) in 2 ml EMEM (Quality Biological Inc., Gaithersburg, MD) supplemented with 10% FBS (Gemini Bio-Products Inc., Woodland, CA) and grown for 24 hours. DNA was added at either a 5:1 ratio (0.8 g to 0.2g) or a 10:1 ratio (3.6 g to 0.4 g) of anti-HIV agent to pNL4-3, the plasmid carrying the proviral sequence.
DNAs were mixed in 96-well polystyrene tissue culture plates and the volume adjusted to 83 l with TET9/10 (1 mM Tris, pH 7.9, 0.1 mM EDTA). After the thorough mixing of 13 l 2 M calcium chloride and 100 l 2ϫ HBS with the DNA in each well, the solutions were incubated for 30 ARTICLE doi:10.1016/S1525-0016(02)00038-2 minutes at room temperature, then added to the cell cultures. The cultures were incubated at 37°C, medium was changed after 4 hours, and supernatant was collected for the p24 assay daily for 4 days. Samples of the supernatant culture fluids were tested in a p24(HIV-1) antigen assay using ELISA commercial kits (Beckman Coulter, Hialeah, FL) according to the manufacturer's recommendations.
